We use analog seismograms to invert seventeen new centroid moment tensor solutions for shallow earthquakes in the vicinity of Taiwan during the period [1963][1964][1965][1966][1967][1968][1969][1970][1971][1972][1973][1974][1975], with the exact same algorithm used to produce the Harvard catalog for modern events recorded on digital seismographs. The average rate of moment release featured by the 17 events is double that of the modern seismicity of the study area, as expressed in the Harvard catalog, and if the 1999 Chi-chi earthquake and its aftershocks are discarded. Sig nificant deviations in geometry are found between some of our solutions and focal mechanisms previously obtained for the same events by a variety of authors. Our study provides a more complete dataset of focal solutions in Taiwan for future analysis of the regional tectonic strain release.
INTRODUCTION
In this study, we systematically invert Centroid Moment Tensors (CMT) for a series of 17 shallow Taiwan earthquakes (0-70 km) from 1963 to 1975. The primary purpose of this study is to extend the time span of the Harvard CMT catalog in order to achieve a more complete dataset for the study of this highly active region. The CMT algorithm, implemented by the seismology research group at Harvard University, has created the most consistent and com plete dataset of focal solutions available for use in seismological research. We recall that the term "centroid" refers to the simultaneous inversion of source location, origin time and focal geometry. We refer to Dziewonski et al. (1981) for a detailed description of the original algorithm, and to Dziewonski and Woodhouse (1983) and Woodhouse and Dziewonski (1984) 62 TAO, Vol. 15, No. 1, March 2004 for later refinements of its methodology, such as the incorporation of mantle surface waves and the use of a laterally heterogeneous Earth model.
Any catalog can only be as good as it is complete. In this respect, the Harvard catalog, which begins in 1977 with the advent of reliable data from digital seismic networks, may suffer from its relative youth, as compared with the typical duration of earthquake cycles. The latter are both poorly known and highly variable from one region to the next, but most esti mates would suggest that the CMT dataset is indeed undersampled in time. This is probably best illustrated on a worldwide scale by the mere fact that the largest earthquake in the catalog, the 2001 Peruvian event, remains dwarfed by at least four earthquakes from the [1960] [1961] [1962] [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] time window (including the 1960 Chilean earthquake, which featured a moment at least 50 times larger), and by three more from the previous decade (Okal 1992) . This potential limita tion motivated the efforts of Huang et al. (1994 Huang et al. ( , 1997 , Chen et al. (2001) and Chen (2002) , who expanded the worldwide dataset of CMT solutions for deep and intermediate-depth earth quakes backward in time, using analog seismological data. The present study follows the same philosophy and procedures and expands the regional dataset of shallow earthquakes (0-70 km) in the vicinity of Taiwan over the lifetime of the WWSSN (1963 WWSSN ( -1975 . We do not consider the year 1976 which was investigated separately by Ekstrom and Nettles (1997) ; their study did not produce any new solutions in our study area.
DATASET AND METHODOLOGY
We targeted for inversion all events occurring in [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] , within the region limited by 21°N, 26°N, 119°E and 123°E, with a reported depth no greater than 70 km, and at least one reported magnitude (most often mb) ;::: 5.8. Our experience has shown that events below that threshold generally cannot be inverted reliably from analog records. These criteria produced 26 target earthquakes. Visual inspections of WWSSN records revealed no clear signals for 8 events, which were discarded. For the remaining 18 events, records from an average of 6 stations well distributed in azimuth were printed, and a processing window consisting of gen eralized body waves (P group, S group, and mantle reverberations such as PS, SS, etc.) was isolated, lasting from 2 rnn before the P arrival to 2 rnn after the arrival of Love waves. Three component records were hand-digitized and equalized to a common sampling interval of 1 s, identical to that used on long-period channels of present-day digital networks. The inversion then proceeded along the exact same algorithm implemented for routine processing of modem events at Harvard University, including the criteria for assessing the quality of a solution and its eventual acceptance into, or rejection from, the CMT database. Only one event was dis carded (on 23 September 1972), leaving a total of 17 new solutions. Tables 1 and 2 components, with the events identified by the same numbers as in Table 1 . Focal mechanisms are given on Fig. 1 , with event numbers above each individual "beach ball". The latter represent equal-area projections of the lower focal hemispheres. The solid lines separate shaded quadrants (positive P-wave radiation coefficient, or first motion "up") from open ones (negative or "down") for the full moment tensor solutions, while the dashed lines sketch the best-fitting double-couples. 26 dyn-cm yr-1 in our study area. However, about half of its cumulative mo ment release involves the 1999 Chi-Chi earthquake and its aftershocks, on a fault system inside central Taiwan, unsampled by our dataset. Thus, in the remainder of the region, our new solutions feature double the release rate of the modern Harvard catalog. We examine on Fig. 3 the frequency-moment distribution of our dataset. In spite of its relatively small size, we regressed it using the parameter f3, as introduced by Molnar (1979) FREQUENCY -MOMENT STATISTICS and further discussed by Okal and Romanowicz (1994) and Okal and Kirby (1995) ; we esti mate the threshold of completeness of the dataset at M0;::: : 2.5x10 25 dyn-cm. The resulting parameter, f3 = 0.53, is comparable to its counterpart for the modern Harvard catalog subset in the same geographic and moment windows (/3 = 0.58 ; Fig. 4) ; this consistency in population statistics provides a posteriori support for the completeness of our dataset. However, both f3
values are smaller than the worldwide average of 0.70 (Okal and Romanowicz 1994) , or the value (/3 = 2/3) predicted theoretically by Rundle (1989) .
Comparison with previous investigations
A number of previously published (PP) solutions are found in the literature for most of the 17 events studied here. Focal mechanisms based on P-wave first motions are available for Events 1, 3, 4, 8 (Katsumata and Sykes 1969) and 7 (Tsai et al. 1983 ). Pezzopane and Wesnousky ( 1989) performed waveform modeling of teleseismic P waves for Events 1, 2, 4, 5, 10, 11 and 16. Kao et al. (1998) complemented by original waveform modeling for Events 6, 8, 12, 13 and 15. These focal mechanisms are shown as the smaller symbols on Fig. 5 , and compared to our CMT solutions · (larger symbols).
In Table 3 , we quantify this comparison by forming, for each event, the logarithmi<;: mo ment residual
Comparison of our CMT solutions (larger symbols) with previously pub lished focal geometries (smaller symbols). The letters a bove the latter are keyed to the references in Table 3 . Tsai et al.(1983) [as defined by Huang and Okal (1998) ], and the "Kagan angle" Q, defined as the angle of the minimum Euler rotation tran ' sforming the "beach ball" representation of the focal sphere of the best-fitting double-couple of our CMT solution into the published one (Kagan 1991) . We recall that the maximum theoretical value of Q is 120°. Several authors, notably Apperson and Frohlich (1992) and Kuge and Kawakatsu (1993) have proposed other methods of quantifying the disparity between two focal mechanisms, including sources featuring non-double-couple components. We prefer the concept of the Kagan angle on account of the simplicity of its geometric interpretation as a mere solid rotation. While it may be futile to analyze statistically a dataset of only 12 values, we find that all measures of the population of residuals r are comparable to their counterparts in Huang and Okal's (1998) study of deep earthquakes: the average residual< r >is a negligible -0.02 units, while the average of its absolute value, < I r I > reaches 0.22 units, and the standard deviation a r 0.27 units. In addition, we find no significant correlation between r (or I r I) and M0 (Figs. 6b, c) .
Regarding focal geometry, we similarly fail to define a correlation between large Kagan angles and earthquake size (Fig. 6a) , or between large Q and large values of r (or I r I; Figs. 6d, e) . We discuss in detail the five events with large (> 40°) Kagan angles between our solutions and previous ones.
The large Kagan angle (68°) with respect to Pezzopane and Wesnousky's (1989) solution expresses substantial rotation of this mainly thrust mechanism. The CMT solution is much closer (26°) to Katsumata and Sykes' (1969) , which essentially shares a focal plane, while c: 
. keeping the slip angle constrained to 90°. Our mechanism is also close to that of the neighbor ing Event 15 (Q = 43°), and to the solution for J.D. 02090 (Q = 12°). It does depart from the geometry of the large earthquake on J.D. 86318 (Q = 57°).
This is our only solution on the Western coast of Taiwan. We note that the Kagan angle of 42° between our solution and Pezzopane and Wesnousky's (1989) is entirely taken up by the T axis, while the P axes of the two solutions differ by only 14 °. The earthquake has no imme diate neighbors to which it could be compared in the modem CMT catalog.
There is a large discrepancy (Q = 61°) between our strike-slip solution and Pezzopane and Wesnousky's (1989) thrust mechanism. We note that for this particular event, these authors modeled only the initial part of the P waveforms, in view of complexities that they attributed to water column reverberations (their Fig. A6 ). Our inversion, carried out at a longer period, most likely eliminates this problem, and converges on a solution in much better agreement with the neighboring focal m � chanisms obtained in this study (Events 10, 11, 16 and 17) . Our centroid solution locates inside the island of Taiwan, and the inverted mechanism is remarkably similar to that of Event 15, 63 km to the NNE (Q = 11° between them). By contrast, Kao et al.'s (1998) mechanism also features thrust faulting, but is substantially rotated (Q = 74° from ours). The P axis for our mechanism, striking 345°, is also more in line with the slip partitioning documented in the region than is Kao et al.'s, striking 277°.
CONCLUSIONS
We have inverted 17 new centroid moment tensor solutions of shallow earthquakes in the vicinity of Taiwan for the period [1963] [1964] [1965] [1966] [1967] [1968] [1969] [1970] [1971] [1972] [1973] [1974] [1975] . The moment release rate for the cumulative dataset inverted in the present study is approximately double that of the following years for which the Harvard dataset is available (excluding the 1999 Chi-Chi earthquake). In addition, we observe significant disparities between the geometry of some of our solutions and mecha nisms previously published for the same events. Our solutions lead to greater homogeneity in the geometries of stress release on a regional scale, especially along the Eastern seaboard of Taiwan (Events 1, 13 and 15) and offshore, along the western flank of the Gagua Ridge, where Events 10, 11, 16 and 17 define a coherent pattern of strike-slip faulting. Finally, our new dataset confirms a {3-value lower than the worldwide average for shallow earthquakes, in dicative of a relative surplus of large earthquakes. By extending the time window of reliable CMT solutions, our study provides an improved quantification of seismic moment release in the neighborhood of Taiwan.
